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Abstract: Interpenetration, the presence of multiple entwined lattices, is a common phenomenon 
in metal-organic frameworks (MOFs).  In typical interpenetrated MOFs, the number of 
sublattices is an integer such as two or three.  Here, we report MOFs with fractional degrees of 
interpenetration that can be controlled during synthesis.  We also detail how the non-
interpenetrated frameworks can be transformed into doubly-interpenetrated frameworks via 
progressively higher degrees of interpenetration in an ‘autocatenation’ process that involves no 
external reagents.  This unique structural transformation maintains crystallinity and can be 
triggered thermally and by shear forces induced mechanically or by solvent evaporation.  In 
addition to X-ray diffraction, nonlinear optical microscopy and theoretical calculations were 
implemented to characterize these materials and understand their remarkable properties.  This 
study offers unprecedented insights into the growth mechanism and pliability of MOFs.  It also 
presents a platform of materials whose adsorption properties will potentially benefit from the 
combination of high selectivity, rapid diffusion and ligand homochirality. 
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Introduction:  
Porous materials attain their molecular sieving, storage and catalytic properties by a combination 
of pore shape, size and surface functionality.
[1-4]
  The question of how pore characteristics can be 
tuned to optimize these functional properties is critical.  The chemical and structural diversity of 
metal-organic frameworks (MOFs) makes them an ideal platform to address this question.
[5-6]
  To 
date, most emphasis has been placed on engineering the chemical characteristics of the pore 
surfaces.  The influence of pore shape and size on functional behavior has received less attention, 
although it is clear that significant performance gains can be realized by tuning such framework 
metrics.
[7-14]
  
Lattice interpenetration is a structural feature that impacts the size and shape of pores in MOFs 
while maintain their chemical characteristics.
[15-20]
  Although interpenetration can reduce or 
altogether eliminate the porosity of framework materials, it can be employed as a tool to tailor 
pore metrics and modulate adsorption properties.
[8,21-28]
  Interpenetrated MOFs are a common 
occurrence when permitted by the lattice size and topology.  Methods to control this 
entanglement have been keenly pursued, and strategies such as using sterically-encumbered 
ligands,
[29-31]
 low temperatures and concentrations during framework synthesis,
[32]
 and bulky 
solvents
[33-34]
 have emerged.  In conventional MOFs, the degree of interpenetration adopts an 
integral value, for example two (in a doubly interpenetrated framework) or three (in a triply 
interpenetrated framework).  The degree of interpenetration is usually fixed upon framework 
assembly, however in rare cases it has been shown that framework interpenetration in MOFs can 
be modified following synthesis by desolvation
[35-38]
 or high-pressure intrusion of a liquid.
[39]
  
Here, we present two MOFs that exhibit exceptional interpenetration behavior.  First, 
frameworks with partial degrees of interpenetration are observed in which the sites of a second 
lattice have non-integral (fractional) occupancy.  The degree of interpenetration can be 
controlled during synthesis by the reaction time and by solvent composition.  Second, the non-
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interpenetrated lattices can be transformed into doubly-interpenetrated frameworks via 
progressively higher partial degrees of interpenetration.  This autocatenation process preserves 
crystallinity and can be monitored and understood by X-ray diffraction, linear and nonlinear 
optical microscopy, and quantum chemistry calculations. 
 
Results and discussion 
Synthesis of MUF-9 with controlled degrees of partial interpenetration 
Ligand H21 is a variant of 4,4'-biphenyldicarboxylic acid (H2bpdc) with phenyl substituents 
appended to a diazocine bridge (Fig. 1).  To our knowledge, this ligand has not previously been 
used to construct MOFs.  Due to twisting along its long axis H21 is chiral.  Combining rac-H21 
with Zn(NO3)2 in a solvothermal reaction in N,N'-dimethylformamide (DMF) produces 
[Zn4O(rac-1)3] (-MUF-9, MUF = Massey University Framework).  -MUF-9 belongs to a 
cubic crystal system (space group = Pn-3m) and features Zn4O secondary building units (SBUs) 
linked by the linear ligands into a primitive cubic (pcu) topology (Figs. 1, S34), as anticipated on 
the basis of related MOFs ligands.
[40]
  Each ligand site is randomly occupied by one of the 
enantiomers of ligand 1 (Fig. S37).  -MUF-9 is doubly interpenetrated.  The two lattices are 
related by crystallographic symmetry and the O atom of the Zn4O cluster of each lattice resides 
at the midpoint of the cube defined by its partner.  The formation of an interpenetrated 
framework from ligand 1 is a counter-intuitive result given that bulky substituents typically 
produce noninterpenetrated lattices.
[29-30,41]
   
 
 
4 
 
 
Figure 1.  A. The nature of the solvent and the reaction time determine whether the combination 
of rac-H21 with Zn(NO3)2 at 85 °C produces -MUF-9 (noninterpenetrated), PIP-MUF-9 
(partially interpenetrated), or -MUF-9 (doubly interpenetrated).  The structures of -MUF-9, 
PIP-MUF-9 and -MUF-9 were determined by SCXRD.  The interpenetrating lattice is shown in 
orange.  In all frameworks the ligand sites are randomly occupied by one of the enantiomers of 1.  
B. The use of DBF/DMF mixtures as the reaction solvent produces PIP-MUF-9.  The level of 
interpenetration, given by the occupancy of the interpenetrating lattice determined by single 
crystal X-ray diffraction, is controlled by the amount of DMF in the solvent mixture.  The orange 
diamonds represent the average level of interpenetration measured by independent SCXRD 
measurements on three crystals from the same batch after a reaction time of six hours, and the 
error bars indicate the standard deviation.  The orange crosses correspond to the interpenetration 
level after reaction times of seven and eight hours with a 15% volume fraction of DMF.  C. 
PXRD patterns (Cu radiation) of -MUF-9 (experimentally measured and calculated from the 
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SCXRD structure), a selected example of PIP-MUF-9, and -MUF-9 (experimentally measured 
and calculated from the SCXRD structure). 
 
To explore the relationship between the composition of the reaction solvent and interpenetration 
in MUF-9 we carried out the reaction of H21 and Zn(NO3)2 in other amide solvents (Tables 1, 
S1).  Using N,N'-dibutylformamide (DBF) produces -MUF-9, the noninterpenetrated variant of 
MUF-9.  This framework has close structural parallels to the individual lattices of -MUF-9, and 
again each ligand site is randomly occupied by one of the two enantiomers of 1 (Fig. S37).  
Reactions in N,N'-diethylformamide (DEF) over 16 h lead to interpenetrated -MUF-9, while 
those in N,N'-isopropylformamide (DIF) and N-formylpiperidine (NFPip) generate a third phase, 
-MUF-9.  Although -MUF-9 features the six-connected Zn4O clusters observed in the  and  
phases, the clusters distort slightly to produce a bsn topology
[42]
 (Fig. S39).  It is 
noninterpenetrated and racemic with certain sites occupied specifically by one of the enantiomers 
and others occupied randomly by either enantiomer. 
When small quantities of DMF were introduced into DBF we observed an intriguing outcome.  
Single-crystal X-ray diffraction (SCXRD) on the well-faceted blocks that deposit during 
solvothermal synthesis indicates that the original space group is maintained and that, remarkably, 
these crystals are a partially interpenetrated variant of MUF-9: the atomic sites of one lattice are 
fully occupied while those of a second network are fractionally occupied.  The occupancy level 
of the second network corresponds to the percentage of unit cells, averaged over an entire 
crystal, that are doubly interpenetrated.  This degree of partial interpenetration is designated as 
PIP-##-MUF-9 where ## is a percentage. 
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Table 1.  The influence of the conditions on the outcome of the reaction of H21 with Zn(NO3)2. 
racemic H21  enantiopure H21 
Solvent
a
 Time (h) Product  Solvent
a
 Time (h) Product 
DBF 6 -MUF-9  DBF 16 -MUF-10 
DBF 134 PIP-90-MUF-9   70 -MUF-10 
b 
DBF/DMF 6 PIP-MUF-9 
c 
 DBF/DMF 16 PIP-MUF-10 
c 
DEF 2 PIP-MUF-9  DEF 16 -MUF-10 
 16 -MUF-9     
DMF 8 PIP-79-MUF-9  DMF 60 -MUF-10 
 16 -MUF-9    
DIF
 16 -MUF-9  DIF 16 -MUF-10 
NFPip 16 -MUF-9  NFPip  16 -MUF-10 
NFPyr  80 no MOF  NFPyr 120 -MUF-10 
a
 DBF = N,N'-di-n-butylformamide; DEF = N,N'-diethylformamide; DMF = N,N'-dimethylformamide; DIF = N,N'-
diisopropylformamide; NFPip = N-formylpiperidine; NFPyr = N-formylpyrrolidine  
b
 An additional, unknown phase 
also forms.  
c
 The level of partial interpenetration is controlled by the amount of DMF and the reaction time. 
 
Figure 1b illustrates how the degree of partial interpenetration is controlled by the amount of 
DMF in the reaction medium following a set reaction time of six hours.  Crystallographic 
datasets collected on more than 30 individual crystals (Table S3) portray a strong dependence of 
the interpenetration level on the fraction of DMF in the solvent mixture (Fig. 1b).  It is 
noteworthy that the level of partial interpenetration in crystals from the same synthesis batch 
cluster within a narrow range.  For example, three individual crystals grown from 5% DMF in 
DBF were found to have interpenetration levels between 33% and 39%.  A limit to the level of 
interpenetration of ca. 65% that is reached over a period of six hours exists,
[43]
 though as 
indicated by the crosses on Figure 1b extended reaction times further increase the PIP level to 
converge on -MUF-9 (discussed in detail later).  In addition to SCXRD, the degree of 
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interpenetration is reflected by the powder XRD (PXRD) patterns of bulk samples (Figs. 1c, S3).  
The (100) reflection at 2 = 5.2° (d = 17.2 Å) is intense for -MUF-9 but systematically absent 
for -MUF-9  For PIP-MUF-9, the degree of interpenetration correlates with a progressive 
decrease in the intensity of the (100) reflection relative to the (110) reflection at 2 = 7.2°  
Partial interpenetration can be viewed as an unusual case of structural disorder.
[45]
 It has 
previously been reported in a seminal publication in 2012 that described NOTT-202, an indium-
carboxylate MOF.  The second lattice of this material has an occupancy of 75%.
[44]
  However, 
the non-interpenetrated variant of NOTT-202 was not observed, and only one level of partial 
interpenetration was achieved.  MUF-9 has advantages over NOTT-202 by providing 
straightforward and controlled access to materials with virtually any degree of interpenetration 
between zero and one.   
MUF-10 is the enantiopure counterpart of MUF-9, which can be synthesized using resolved R-
H21 or S-H21 (Fig. 2, Tables 1, S2).  A high energy barrier
[46]
 prevents racemization of the ligand 
during MOF synthesis.  Using DMF as the reaction solvent produces the doubly-interpenetrated 
framework -MUF-10, whereas DBF leads to the noninterpenetrated phase -MUF-10.  -MUF-
10 defines a regular pcu lattice, two perfectly offset copies of which are present in -MUF-10.  
Switching to DEF as the solvent generates -MUF-10, a noninterpenetrated framework with a 
bsn topology.  Several other formamide solvents – DIF, NFPip, NFPyr (N-formylpyrrolidine) – 
were also found to produce -MUF-10 (Fig. S13).  All ligand sites in the MUF-10 series are 
occupied by linkers with the same handedness (Fig. S38), and, as mandated by their 
homochirality, all frameworks belong to chiral space groups (Table S4).   
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Figure 2.  A. The solvent composition and reaction time determine whether the combination of 
R- or S-H21 with Zn(NO3)2 at 85 °C produces -MUF-10 (noninterpenetrated), PIP-MUF-10 
(partially interpenetrated), or -MUF-10 (doubly interpenetrated).  The structures of -MUF-10 
and -MUF-10 were determined by SCXRD, while the structures of PIP-MUF-10 were deduced 
by PXRD.  The linkers in each framework are enantiopure.  B. The rise in the level of 
interpenetration in PIP-MUF-10 with increasing amounts of DMF in the DBF reaction solvent is 
indicated by the relative intensities (I
obs
) of the peaks at 5.2° and 7.3° in the observed PXRD 
pattern with respect to the intensities observed for -MUF-10 (I).  C. PXRD patterns (Cu 
radiation) of -MUF-10 (experimentally measured and calculated from the SCXRD structure), 
an example PIP-MUF-10, and -MUF-10 (experimentally measured and calculated from the 
SCXRD structure).   
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In parallel with our observation on MUF-9, partial degrees of interpenetration can be generated 
in MUF-10 by using small amounts of DMF in DBF as the reaction medium (Fig. 2b).  The 
crystal quality of partially interpenetrated MUF-10 did not permit SCXRD to be used to 
determine the fractional occupancy of the second lattice.  However, in a similar fashion to MUF-
9, the (100) reflection is extinguished by the presence of the second lattice therefore it diminishes 
markedly in intensity with increasing degrees of partial interpenetration (Figs. 2c, S10).   
We also examined the effect of reaction time on the level of interpenetration in MUF-9 and 
MUF-10 (Tables 1, S1, S3).  For MUF-9, X-ray diffraction revealed that crystals formed at the 
onset of crystallization in DMF (after eight hours) and DEF (after two hours) are partially 
interpenetrated (79% for DMF and 71% for DEF, Tables 1 and S3, Fig. S5).  Prolonging the 
reaction time allows the second network to further infiltrate the void space of the first, eventually 
delivering -MUF-9 as the sole product in both solvents.  In DBF, SCXRD snapshots show that 
framework growth proceeds in a related way: the initially-formed-MUF-9 crystals are 
progressively converted to PIP-90-MUF-9 over a period of about one week (Table S3).  The 
foregoing results lead to the conclusion that the solvent system independently tunes the growth 
rates of the first and second lattices.  Their growth rates are quite similar in DMF, therefore when 
crystals reach a size amenable to SCXRD the level of interpenetration is already high.  The 
growth rates appear to be quite different in DBF: the first lattice crystallises within hours, 
however the growth rate of the interpenetrating network is much slower.  Adding DMF to the 
DBF accelerates the growth of this second sublattice.   
In contrast to MUF-9, -MUF-10 completely resists interpenetration when grown in DBF even 
after prolonged reaction times.  Instead, a new (unknown) phase appears in the reaction mixture 
after two days (Fig. S12).  In DMF/DBF mixtures, the PIP-MUF-10 crystals that are formed in 
the early stages of the reaction gradually convert to -MUF-10 (Fig. S11).  Thus, as for MUF-9, 
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premeditated PIP levels in MUF-10 simply by selecting the appropriate solvent composition and 
reaction time. 
 
Table 2.  MOFs synthesised using ligands H22, H23, and H24. 
 Ligand MOF  
H22,  R = 4-methylphenyl MUF-11, [Zn4O(2)3]  
H23, R = 4-bromophenyl MUF-12, [Zn4O(3)3]  
H24, R = methyl MUF-14, [Zn4O(4)3]  
 
To probe the impact of modifications to the ligand structure on the propensity for partial 
interpenetration we synthesized MUF-11, MUF-12 and MUF-14  (Table 2).  H22 and H23 behave 
in a similar way to H21: heating with Zn(NO3)2 in DBF produces MUF-11 and MUF-12 crystals, 
respectively, that are noninterpenetrated when initially formed (~3 hours) but become 
progressively more interpenetrated over time (Figs. S14, S15).  Both -MUF-11 and -MUF-12 
can be obtained directly by synthesis in DMF, and analysis by SCXRD reveals very close 
structural similarities to MUF-9.  Monitoring the formation of MUF-14 in DEF demonstrates that 
in the early stages of the reaction -MUF-14 is produced.  Over time, PIP-MUF-14 appears and 
the level of partial interpenetration increases as a function of the reaction time (Fig. S16).  These 
experiments significantly broaden the scope of this study and promise a platform of materials 
with both tunable chemical characteristics and levels of partial interpenetration. 
MOFs with controlled degrees of interpenetration have the potential to be useful in applications 
where materials that allow both rapid mass transport and high surface area can avoid  the trade-
off that typically exists between capacity and selectivity.  Akin to hierarchical zeolites,
[47-48]
 the 
small pockets defined by the regions of interpenetration provide scope for discriminating 
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molecular guests, while the large noninterpenetrated void spaces will speed up diffusion.  In 
addition, adsorption sites of high polarity (due to dangling bonds) and complex geometries will 
be created at the propagation fronts of the interpenetrating lattice.  Amongst other applications, 
the homochirality of MUF-10 provides a means of discriminating the enantiomers of chiral guest 
molecules such as pharmaceuticals and natural products.
[49]
  While a comprehensive examination 
of guest uptake by MUFs 9-14 is still in progress, TGA and 
1
H NMR spectroscopy on MUF-9 
and MUF-10 (Figs. S47-56) indicate that the noninterpenetrated frameworks incorporate more 
solvent than their doubly-interpenetrated counterparts, as expected on the basis of their larger 
void volumes.  The degree of interpenetration also dictates their ability to adsorb acridine orange 
from solution.  Deep coloration of -MUF-9 and -MUF-10 crystals indicates a high loading of 
the dye (Figs. S40, S45). As the degree of interpenetration in MUF-9 increases its capacity for 
acridine orange uptake is reduced (Figs. S41-42), and it is excluded from the smaller pores of -
MUF-9 and -MUF-10 (Figs. S43, 45).   
 
Autocatenation of -MUF-9 and -MUF-10 
In a remarkable process that we term autocatenation -MUF-9 can be transformed into its 
doubly interpenetrated analogue via progressively degrees of partial interpenetration in a single-
crystal-to-single-crystal phase transition
[50]
 (Fig. 3).  No external reagents are involved and the 
process is irreversible.  Autocatenation can be triggered in at least three ways: thermally, by 
crystal desolvation, and by mechanical shearing.  In the thermal process, crystals of-MUF-9 
heated to 85 °C in DMF maintain their external appearance over the course of two days but 
shrink in size.  The crystal volume reduces by around 50% over the course of autocatenation 
(Figs. 3b, S20), which squares with the expected twofold increase in density.  A well-resolved 
set of X-ray diffraction spots, which corresponds to the 17.2 Å cubic unit cell of MUF-9, is 
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maintained by the crystals.  The increase in intensity of diffraction at high 2 angles indicates 
that the structural regularity of the lattice improves as the degree of interpenetration increases 
(Fig. 3c).  At any point during the transformation the degree of interpenetration can be 
determined by SCXRD (Fig. 3d, Table S3).   
Heating crystals of -MUF-10 over a period of several days at 85 °C in DMF also induces 
autocatenation, producing -MUF-10 (Figs. S26-31).  A general trend in the rate of 
autocatenation emerges for both MUF-9 and MUF-10.  An initial period where the degree of 
interpenetration rises slowly is followed by a more rapid change to deliver the fully 
interpenetrated framework (Figs. 3d, S27).  Small quantities of water, Zn(NO3)2, and H21 added 
to the DMF solution all accelerate the autocatenation of -MUF-10.  Further notable 
observations include: (i) Distinct differences in autocatenation rates exist amongst individual -
MUF-9 crystals heated in DMF for the same period of time (Fig. 3d). (ii) Directly-synthesized 
PIP-MUF-9 converts to -MUF-9 by heating in DMF (Fig. S17). (iii) Autocatenation of -MUF-
9 and PIP-MUF-9 occurs upon heating in DEF (Figs. S18-18), however no changes are 
detectable upon heating in DBF (Fig. S22) nor in DBF/DMF 80/20 (Table S3). (iv) A 
dissolution-reprecipitation mechanism for the phase transition was ruled out by monitoring the 
interpenetration changes of a solitary crystal in a large volume of DMF, where the effects of 
dilution would preclude regrowth of the MOF.  Furthermore, no free ligand is detectable in the 
supernatant during autocatenation (Fig. S21). (v) The propensity of -MUF-9 to autocatenate is 
not shared by -MUF-9 (Fig. S25).   
The autocatenation of -MUF-9 can also be induced by the escape of occluded DMF from the 
pores of the noninterpenetrated lattice.  Here, we monitored the conversion by SCXRD, which 
showed PIP-77-MUF-9 to be present after 100 minutes of drying and then -MUF-9 after a 
further 100 minutes (Table S3).  Optical microscopy reveals cloudy pseudomorphs of the crystals 
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that are reduced in volume by around 25% (Fig. S23).  This volume decrease is lower than the 
50%, expected, owing to incomplete interpenetration (see NLO microscopy later) and the 
possible formation of mesoscale voids that are hinted at by the loss of transparency.  
Autocatenation of -MUF-10 is also induced by the loss of DMF from the framework pores.  
Evidence for this phase change comes from changes in PXRD patterns (Fig. S32), and a 
reduction in the crystal volume of ca. 45% (Fig. S33), which is close to the ideal value of 50%.  
In the case of MUF-10 the crystals maintain both their external form and optical transparency.   
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Figure 3.  A. -MUF-9 can be converted to -MUF-9 by a single-crystal-to-single-crystal 
autocatenation process.  Crystals with progressively higher degrees of partial interpenetration are  
produced along the pathway from -MUF-9 to -MUF-9.  B. Optical micrographs of a crystal 
undergoing this conversion by heating to 85 °C in DMF.  C. X-ray diffraction images 
demonstrate that structural is maintained during thermally-induced autocatenation.  D. For 
thermal autocatenation, the level of interpenetration, as determined by the occupancy of the 
interpenetrating lattice determined by single crystal X-ray diffraction, is controlled by the 
heating time.  A degree of variability is observed between individual crystals heated for the same 
length of time.  The grey line is a guide for the eye.  E.  PXRD patterns (Cu radiation) of -
MUF-9 after grinding in a mortar and pestle in DBF, which produces no structural changes (red 
trace), and after grinding in DMF, which results in conversion to -MUF-9 (pink trace).  
Mechanical grinding using a magnetic stir-bar produces PIP-MUF-9 (green trace). 
 
Mechanochemical forces exert a similar effect to desolvation.  For example, grinding crystals of 
-MUF-9 suspended in DMF, using either a conventional mortar and pestle or a magnetic stir-
bar, produced -MUF-9 via progressively higher degrees of partial interpenetration (Figs. 3e, 
S24).  Conversely, isotropic compression at pressures of up to 0.5 GPa left -MUF-9 unchanged. 
Related examples of a postsynthetic change in interpenetration state have been reported for 
MOF-123,
[37]
 [Zn2(ndc)2(bpy)],
[36]
 and [Cd(bdc)(bpy)]
[35]
 (ndc = 2,6-naphthalenedicarboxylate; 
bpy = 4,4′-bipyridine; bdc = 1,4-benzenedicarboxylate).  In the case of MOF-123, autocatenation 
is triggered by heating the framework to expel coordinated DMF molecules.  The process is 
reversed upon exposure to DMF.  In [Zn2(ndc)2(bpy)], a doubly-interpenetrated framework 
converts into its triply-interpenetrated analogue by desolvation, while [Cd(bdc)(bpy)] switches 
from being noninterpenetrated to doubly-interpenetrated.  It has also been established that 
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coordination bonds can be cleaved en masse in to alter the dimensionality of coordination 
polymers,
[50-51]
 which is often correlated with solvent loss.
[52]
  MUF-9 and MUF-10 go beyond 
these materials by showing that this transformation can be effected in an archetypal Zn4O-
carboxylate MOF and triggered by a range of stimuli.  Intermediate frameworks with partial 
degrees of interpenetration can be isolated and characterized along the autocatenation pathway 
for the first time. 
 
Nonlinear optical microscopy  
We interrogated crystals of MUF-9 with various levels of interpenetration using nonlinear optical 
microscopy.  Second harmonic generation (SHG) microscopy serves as a sensitive probe of local 
crystal organization since its efficiency depends strongly on point group symmetry.
[53-54]
  SHG is 
forbidden in centrosymmetric materials thus SHG microscopy provides contrast between the 
noncentrosymmetric (-MUF-9) and centrosymmetric phases (-MUF-9). As expected, -MUF-
9 produces a bright SHG response (Fig. 4a).
[55]
  In contrast, no signal emerges from -MUF-9 
(Fig. 4d), which confirms the inversion symmetry deduced by X-ray crystallography.  SHG 
responses that are weaker than for -MUF-9 due to the increased fraction of the lattice that is 
centrosymmetric are observed for PIP-MUF-9 (Figs 4b, 4c).  Two-photon fluorescence (2PF) 
microscopy, on the other hand, images materials regardless of their point group symmetry.  2PF 
signals are generated by both -MUF-9 and -MUF-9, although they are significantly weaker for 
the latter.   
Although X-ray crystallography gives a reliable estimate of the overall level of interpenetration 
in PIP-MUF-9 crystals it provides an averaged picture and cannot map interpenetrated regions 
with high resolution.  In contrast, SHG microscopy is an ideal tool for determining whether the 
interpenetrating lattice is present uniformly throughout MUF-9 crystals or confined to certain 
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spatial zones.  The synthesis of MUF-9 in DBF was monitored by SHG microscopy over a 
period of days as the interpenetrating lattice grows in (Fig. S58).  For PIP-15-MUF-9, the SHG 
response was initially observed to be uniform, which implies that growth of the second 
framework is not localized in a specific crystal region.  Over time, the level of partial 
interpenetration increases and the 2PF and SHG responses becomes patchier and domains of 
several microns in size appear (e.g. PIP-35-MUF-9 in Fig. 4b).  We ascribe this inhomogeneity 
to crystal zones with differing degrees of interpenetration.  As expected, for the more highly 
interpenetrated crystals an increased spatial uniformity is coupled to an overall attenuation of the 
SHG signal (Fig. S58).  The 2PF and SHG responses from PIP-40-MUF-9 crystals grown 
directly in DMF/DBF is patchy across individual crystals, revealing the existence of zones of a 
few microns in size with differing degrees of interpenetration (Fig. 4c).   
Upon autocatenation induced by evaporation of DMF from -MUF-9 the SHG signal intensity 
from the crystals decreases steadily, as anticipated (Figs. S59, S60).  This signal reduction occurs 
uniformly throughout the crystals, implying the interpenetrated crystal zones are spatially 
homogeneous.  The SHG response persists to a minor degree even following complete 
desolvation due to small localized noncentrosymmetric pockets where the lattice is 
noninterpenetrated (Fig. 4e). 
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
Figure 4. Second harmonic generation (SHG) and two-photon fluorescence (2PF) images of 
MUF-9 crystals with various levels of interpenetration produced by different methods.  The SHG 
response of the crystals drops with increasing levels of interpenetration, which is consistent with 
the difference in symmetry between -MUF-9 (noncentrosymmetric) and -MUF-9 
(centrosymmetric).  The length of the scale bar is set to 30 m in the 2PF images. 
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Theoretical characterization 
In order to better understand the unique interpenetration behavior of MUF-9 and MUF-10, we 
performed quantum chemical calculations at the DFT level on two guest-free  models of MUF-
10.  These models are herein referred to as o-α-MUF-10 and o-β-MUF-10 to distinguish them 
from the crystallographic structures.
[56]
  For the purpose of comparison, we also performed 
calculations on γ-MUF-10, as well as two archetypical MOFs with the pcu topology, IRMOF-9 
(doubly interpenetrated [Zn4O(bpdc)3]) and IRMOF-10 (non-interpenetrated [Zn4O(bpdc)3]). All 
structures were fully energy-minimized, with the resulting coordinates appended as ESI and their 
crystallographic parameters summarized in Table S5. 
The calculations confirm that evacuated o-α-MUF-10 is a metastable phase with respect to o-β-
MUF-10, with an interpenetration enthalpy of 62.9 kJ/mol per Zn4O unit. This is much larger 
than the interpenetration enthalpy for the conversion of IRMOF-10 to IRMOF-9, which we 
calculate to be 24.0 kJ/mol.  This difference can be ascribed to the significant interligand 
contacts between the pendant phenyl rings the side chains of the ligands in MUF-10 (Fig. S35).  
We also calculated the structure and relative energy of the porous γ-MUF-10 structure without its 
coordinated water and formamide molecules: it falls slightly (9.1 kJ/mol) below the α-MUF-10 
phase, being intermediate between α-MUF-10 and β-MUF-10.  
Calculations of the second-order elastic tensors can shed light on the mechanical properties of 
MOF lattices,
[57]
 in particular their mechanical stability and their propensity for structural 
transitions upon mechanical compression, shear forces
[58]
 or guest evacuation.
[59]
  The full 
tensors of - and -MUF-10 are given in Table S6-7, and their calculated mechanical properties 
are summarized in Table S8. As calculated for related porous MOFs,
[60]
 α-MUF-10 is extremely 
soft, with an average Young’s modulus of 3.7 GPa and a shear modulus of 1.3 GPa.  In addition, 
it shows a highly anisotropic elastic behavior characteristic of flexible MOFs, so-called soft 
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porous crystals, that undergo stimuli-induced structural transitions.
[61-64]
  The softest mode of the 
structure corresponds to an extremely low modulus of 0.13 GPa for shearing along the (122) 
direction of the o-α-MUF-10 model (see movie in ESI), which corresponds to a rhombohedral 
shear of the cubic α-MUF-10 structure.  The calculated average bulk modulus is 6.8 GPa, 
significantly higher than the low shear modulus, which is in accord with experiments showing 
that the noninterpenetrated structures are unchanged by isotropic compression at moderate 
pressures.   
In comparison to α-MUF-10, the calculated elastic properties of the interpenetrated β-MUF-10 
depict a much stiffer material, with a bulk modulus of 11.7 GPa, average Young’s modulus of 
8.9 GPa and shear modulus of 3.2 GPa. This is consistent with the generally observed correlation 
between elastic properties and framework density, often as seen as a function of guest loading 
and pore topology,
[58,65]
 and as previously calculated in the specific case of MOF-14.
[66]
  In 
addition to being stiffer than the noninterpenetrated phase, β-MUF-10 also shows much lower 
anisotropy of its elastic properties, as is typical for inflexible MOFs. Its softest deformation 
mode is also a shearing mode, but its elastic modulus of 1.0 GPa indicates a mechanical stability 
that is an order of magnitude higher than α-MUF-10. 
The insights provided by these calculations are consistent with related literature reports and allow us 
draw conclusions regarding the mechanism for the instability of -MUF-9 and -MUF-10 (see later) 
by quantitatively evaluating the lowest shear modulus in both structures. This tensorial analysis, 
although performed on the MIL-53 and some other flexible MOFs,[57,67] is used here for the first time 
in evaluating the impact of interpenetration. 
 
Partial interpenetration, framework growth, and autocatenation behaviour 
Interpenetration in MOFs is a well-studied phenomenon, however partial interpenetration has 
only been reported on one previous occasion.[44]  Why is partial interpenetration such a rare 
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occurrence yet readily manifest in the MOFs reported herein?  Since partially interpenetrated 
lattices will have linkers with donor groups that are not coordinated to metal ions and/or open 
metal sites on their metal clusters, it is likely that they incur a significant energy penalty.  This 
must be offset by energy gains elsewhere for partially interpenetrated MOFs to be stable enough 
to be observed.  Bulky ligand substituents are generally considered to suppress interpenetration, 
however, in the case of MUF-9-14, the ligands are extend laterally from their main axis to the 
point where they engage in noncovalent contacts with the partner sublattice (Figs. S35, S36).  
Drawing on both our experimental and computational results, we propose that these contacts 
provide the stability gains that enable partial interpenetration.  These interactions are enabled by 
distinctive structural characteristics of linkers 1 – 4, which explains why partial interpenetrations 
has not previously been observed in the very well-studied
[29-30,34,68]
 family of IRMOF-9 
derivatives.   
The ability to isolate partially interpenetrated MOFs relies on the growth rate of the host lattice 
to significantly exceed that of the interpenetrating lattice.  In this way the host lattice forms 
before its pores are infiltrated by the second network.  The composition of the solvent is a key 
variable in discriminating the sublattice growth rates.  Bulky solvents slow the development of 
the interpenetrating lattice so that crystals with any desired level of partial interpenetration to be 
conveniently harvested.  This correlation between ligand structure, the solvent, and the degree of 
partial interpenetration provides the basis for the rational development of a broad range of 
partially interpenetrated MOFs. 
A long-standing question in MOF chemistry has been whether the sublattices of interpenetrated 
frameworks grow in a stepwise or simultaneous fashion.  Such mechanistic questions are 
typically difficult to address.  Now, from our observations on MUF-9 it is clear that a stepwise 
growth mechanism can operate to produce an interpenetrated phase via an initially-formed 
noninterpenetrated phase.  This process follows Ostwald’s rule of stages[69-70] in that a metastable 
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phase cascades down to the final thermodynamically preferred product, in this case via a series 
of intermediate partially interpenetrated states.   
A third, hitherto unrecognized, growth mechanism can also generate interpenetrated MOFs.  
Thermal autocatenation of MUF-9 and MUF-10 reveals that the components of a 
noninterpenetrated MOF can rearrange into an interpenetrated lattice.  On this basis we speculate 
that, in certain cases, interpenetrated frameworks may develop by concurrent processes of lattice 
growth and autocatenation.  This mechanism could produce interpenetrated MOFs whose direct 
formation is inhibited by low reaction temperatures or concentrations or where the transport of 
fresh reagents, such as bulky ligands, through the pores of a growing framework is restricted.  
Our contrasting observations on the growth of MUF-9 in various solvents are consistent with this 
mechanism.  -MUF-9 is produced in DMF and DEF while level of partial interpenetration 
plateaus at 80% even after prolonged growth in DBF.  In DMF and DEF thermal autocatenation 
is a viable process and interpenetrating lattices reach full occupancy over time.  This can be 
achieved by an autocatenation mechanism filling in the non-interpenetrated regions without the 
need to transport in fresh framework components.  Conversely, since thermal autocatenation is 
not possible in DBF, the formation of the interpenetrating lattice in crystals grown in this solvent 
relies solely on diffusion of fresh components through the pores of the parent network.  In this 
way, growth of the second lattice is self-inhibiting − access of free ligand to the interior of the 
crystal will progressively more difficult as the degree of interpenetration rises − therefore certain 
crystal regions remain non-interpenetrated.   
Autocatenation of MUF-9 and MUF-10 reveals a surprising degree of pliability for Zn4O-
carboxylates MOFs in that single crystallinity is maintained during a structural reconfiguration 
that requires large numbers of metal-ligand bonds to be transiently cleaved.  Our observations 
indicate that the genesis and propagation of the interpenetrating lattice has parallels with the 
conventional model of crystal nucleation.  Since the degree of autocatenation is not a smooth 
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function of heating time (Fig. 3d) it appears to be triggered in individual crystals at different 
times.  This is consistent with stochastic nucleation of the interpenetrating sublattice.  The SHG 
microscopy images imply that numerous nucleation sites develop throughout the crystals in a 
spatially uniform manner.  In thermal autocatenation, these nucleation sites develop over the 
course of an induction period, during which the interpenetration level rises only slowly, which is 
followed by a sharp rise in the degree of interpenetration as the second lattice becomes more 
extensive.   
The observed propensity for MUF-9 and MUF-10 to undergo autocatenation is explained by 
calculations that show that noninterpenetrated lattices have very low shear moduli.  Large shear 
forces and internal stresses are produced by heating, grinding, or evaporation of the solvent 
trapped in MOF pores.  It is commonly observed that MOFs
[71-72]
 are mechanically unstable 
towards such forces and tend to collapse to a dense and/or amorphous material upon solvent 
escape.  In the case of MUF-9 and MUF-10, shear forces propel the frameworks along an 
autocatenation trajectory that links the noninterpenetrated and double interpenetrated 
frameworks.  The stabilizing noncovalent interactions that develop in interpenetrated regions of 
the crystal act to lower the energy barrier to this reconfiguration.  These observations will assist 
the in silico discovery of other frameworks that have a propensity for autocatenation.   
 
Conclusion 
We have shown that partial interpenetration in a series of metal-organic frameworks can be 
precisely controlled, and that autocatenation can transform metastable noninterpenetrated 
frameworks into their doubly interpenetrated counterparts via progressively higher degrees of 
partial interpenetration.  These remarkable observations offer unique perspectives on the 
structure, reactivity, and growth mechanisms of MOFs.  Ongoing investigations are aimed at 
exploring the guest adsorption properties of this platform of porous materials.  These frameworks 
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feature identical pore chemistries but different channel systems, and the partially interpenetrated 
regions of the crystals are expected to provide selective binding pockets while the 
noninterpenetrated regions will enable rapid diffusion.  Amongst other applications, the 
homochirality of MUF-10 provides a means of discriminating the enantiomers of chiral guest 
molecules.  
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